The understanding of system dynamics behavior of solar collectors is quite important in the controller design of solar hot water systems, the transient performance analysis of solar thermosyphon systems, and the development of collector efficiency test methods. One-node capacitance model of flatplate collectors has been closely derived [1] which assumes that the structural material of the collector and the fluid flowing inside the collector can be lumped together with a single uniform temperature (i.e., one node). A two-node capacitance model was further derived by Klein et al. [2] by separately lumping the flat plate and the glass cover as two nodes with two individual uniform temperatures. The flat plate was additionally assumed to be lumped together with the fluid at the mean fluid temperature. The solar collector is essentially a heat exchanger and its dynamic behavior is nonlinear. However, the dynamic model can become a distributed model if linearization has been applied. theoretical model. The system dynamics model of the collector will hopefully be a standard transfer-function form for practical applications. However, the model parameters in De Ron's model [3] are all presented in terms of the heat capacitances, optical properties of black surface, heat transfer coefficients, fluid properties, etc. which can only be theoretically evaluated and thus could cause a large error.
I Introduction
The understanding of system dynamics behavior of solar collectors is quite important in the controller design of solar hot water systems, the transient performance analysis of solar thermosyphon systems, and the development of collector efficiency test methods. One-node capacitance model of flatplate collectors has been closely derived [1] which assumes that the structural material of the collector and the fluid flowing inside the collector can be lumped together with a single uniform temperature (i.e., one node). A two-node capacitance model was further derived by Klein et al. [2] by separately lumping the flat plate and the glass cover as two nodes with two individual uniform temperatures. The flat plate was additionally assumed to be lumped together with the fluid at the mean fluid temperature. The solar collector is essentially a heat exchanger and its dynamic behavior is nonlinear. However, the dynamic model can become a distributed model if linearization has been applied.
De Ron [3] considered the temperature variations of glass , cover, flat plate, and fluid in the flow direction. A distributed model of a flat-plate collector was theoretically derived by use of linear perturbation. An indoor experiment was performed to measure the frequency responses of the collector using binary multifrequency test signals for verifying the theoretical model. The system dynamics model of the collector will hopefully be a standard transfer-function form for practical applications. However, the model parameters in De Ron's model [3] are all presented in terms of the heat capacitances, optical properties of black surface, heat transfer coefficients, fluid properties, etc. which can only be theoretically evaluated and thus could cause a large error.
The system dynamics model of solar collectors can also be identified by least-squares estimation method associated with a structure such as ARMAX, ARX, Box-Jenkins models etc. However, the parameters identified in this way provides only numerical values and would vary with operating conditions. It is very difficult to correlate the model parameters with the operating conditions without the guideline of a physical model. The parameter variation with operating conditions in a linear system is usually caused by the nonlinear effects and should be determined accurately in order to design a better controller. An attempt has been made here to overcome this problem to derive a linear dynamic model of solar collector with parameters varying with the steady-state operating conditions by using a so-called physical modelbased approach. ferred from the flat plate to the working fluid as the useful energy and to the ambient as the heat loss. The flat-plate collector can be divided into solid and fluid phases or nodes i.e., two nodes in order to facilitate the analysis (Fig. 1) . The solid node consists of glass cover, flat plate, insulating material, and structural materials etc.; the fluid node is, meanwhile, only the working fluid flowing through the collector. All the constructing materials of the solid node are assumed to be lumped together with a temperature T s . However, the temperature variation of the solid node along x is considered in order to account for the variation of heat transfer along the flow direction. The solid node temperature is then a function of position and time, i.e., T s (x, f).
The conduction heat transfer within the solid node is relatively small as compared to the convective heat transfer occurred adjacent to the fluid-wall boundary. This is since the Biot number is usually small for flat-plate collectors. Additionally, constant physical properties for the fluid and the solid nodes and a uniform flow distribution is assumed here to exist in the collector and the effect of wind speed variation on the. heat loss is neglected. An energy balance has made to the solid node then yields:
Energy balance to the fluid node yields (2) where T s and T w are, respectively, the solid-node and the fluid-node temperatures; /(f) is the solar irradiation incident upon the collector slope; (Ta) e is the effective transmittanceabsorptance of collector; M s and M w are, respectively, the masses of the solid and fluid nodes; C s and C w are, respectively, the heat capacities of the solid and fluid nodes; h a is the heat transfer coefficient defined from the solid node to Transactions of the ASME
the ambient air; h w is the convective heat transfer coefficient from the solid node to the fluid node; m w is the mass flowrate through the collector; L is the collector length; A b is the black surface area of the solid node; A w is the total contact By substituting the steady-state solutions into Eqs. (8) (2) . A linearization around a steadystate point using the following perturbations is thus necessary:
Equations (15) and (16) (16) is first taken here with respect to time t and By substituting Eqs. (3)- (7) into Eqs. (1) and (2), and ^x' ^ is elim inated to obtain assuming constant h a , one obtains 
where h w is the heat transfer coefficient at steady-state operating condition.
Equations (8) and (9) at steady states turn out to be 
F(S):
where Tj is the inlet temperature at steady state, i.e.,
T w (0); T,(s) = f w (0, s).
Equations (22)- (26) represent the system transfer-function model of a flat-plate collector which is a distributed system. The response of collector outlet temperature f e (s) = f w (L, s) is of our practical major interest. Thus, by letting x = L, one obtains
where
The outlet temperature responses t e can be seen from Eqs.
(28)-(31) to consist of an exponential term e~D (s)L which implies the presence of a high-order effect. The flat-plate solar collector usually behaves low-pass property in practical designs even though the system dynamics behavior due to the high-order term e~D (s)L may involve multiple poles and zeros. An order reduction is then possible since the highorder effect is only significant at a high frequency which is usually outside the range of practical applications.
Model Reduction.
The system transfer functions represented by Eqs. (28) through (30) can interestingly enough be exactly obtained if the above derivation is repeated by assuming a_linear fluid temperature distribution T (x) at steady states, i.e., -^-= r = constant, which usually ax holds for flat-plate collectors (Fig. 2) . The design parameters of the solar collector used to generate As to the transfer function G(s), it then becomes
The system model can then be represented by Eqs. (27)-(30), and (32), which still consist of a high-order term e~D (s)L . Further order reduction is possible if the frequency response or Bode plots are examined here (Figs. 3 and 4) . The design parameters of the solar collector used to generate Figs. 3 and 4 are the same as those used in Fig. 2 .
The system dynamics model W(s) can be seen from Eq. (29) to be second order (i.e., containing a second-order polynomial or two poles in the denominator) with a high-order 758/Vol. 116, DECEMBER 1994 Transactions of the ASME term 1 -e~D^L in the numerator. The phase plot of W{m) is revealed by Fig. 3 to approach -180 deg at frequency > 0.02 Hz which is a second-order behavior if the oscillation has been ignored. This indicates that the oscillation of the phase plot shown in Figure 3 The system dynamics model G(s) is similarly shown by Eq. (32) to be also of second order (i.e., containing a secondorder polynomial or two poles in the denominator) with a zero (containing a first-order polynomial in the denominator) and a high-order term 1 -g~D (s)L in the numerator. The phase plot of G(w) approaches -90 deg with oscillation at frequency > 0.02 Hz as revealed in Fig. 4 . This implies that the number of zeros wjll be less than the number of poles by one if the oscillation was ignored. This coincides with the dynamic model of equation (32) 
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In most of solar systems, the collector inlet fluid temperature 7} and the ambient temperature T a usually vary very slowly. The identification of transfer functions H in {L, s) and H a (L, s) are then not important in the differential-tempera- 
T"(L,s) -T,(s)
The poles of W(s) and G(s) are shown by the above relations to possibly be identical, i.e., p wl = p n and p w2 = p n . However, the distinct poles for W{s) and G(s), i.e., p wl & p n and p wl 5* p I2 , are assumed here in order to account for the unmodelled dynamics due to the use of the 2-node concept, ignorance of wind speed effect, and assumptions of constant physical properties and uniform flow distribution, etc. The system parameters were estimated experimentally, since theoretical prediction of T , T pw , T W , 7, P and T is not accurate. 
III Parameter Estimation
Experimental
Setup. An outdoor experiment was performed to identify the system parameters. The design specifications of the flat-plate solar collector used in the present experiment are listed in Table 1 . The test system is shown in Fig. 6 . A constant-level bath was used to supply a steady flow to the collector. An electric heater was installed within the upper bath and controlled by a digital controller to regulate the collector inlet temperature T t to within ±0.5°C [7] .
The data acquisition system consists of a PC, a YEW3880 hybrid recorder and a IEEE-488 interface. The sampling rate in the present experiment was 0.5 Hz. A SS-100 solar cell sensor was installed on the collector slope to measure the incident irradiation with an uncertainty of ±2 percent; a 3-cup windmeter was used to measure the wind speed with an uncertainty of ±0.2m/s; T-type thermocouples were used to measure the temperatures at the collector inlet and outlet, the constant-level bath, and the ambient with an uncertainty of ±0.1 °C obtained by a calibration against a HP2804 precise quartz thermometer (with an uncertainty of ±0.04°C). A specially-designed thermopile was used to measure the temperature difference across the collector AT ei with an uncertainty of ±0.07°C [8] . The mass flowrate was measured by a turbine flowmeter MK-508 with an uncertainty of ±20 cc/min.
Test Signal and Signal Processing 1 Input Test Signal.
Step response tests were performed in the present study. To identify the disturbance model W(s), a step of / under a steady mass flowrate (i.e., letting m w = 0) was applied and the temperature response AT ei was measured. Negative step of I was applied in the experiment by shading the collector at time t = 0 using a polylon board covered with aluminum foil. That is, the irradiation is suddenly reduced to zero to produce a negative step change of 1. This step change is apparently not a small perturbation. It can actually be seen from the governing Eq.
(1) that the collector dynamic response is linear in respect to the irradiation I(s). This was also verified by many tests performed to determine the time constant of collectors [7] . The small perturbation in the linearization of / may therefore not be necessary and the use of a large negative step on / in the dynamic test holds. The perturbed irradiation 7(f) can be mathematically written as
where u(t) is the unit step function and / is the steady irradiation before the step change. The perturbed collector exit temperature f e (t) was evaluated by the following relation:
where AT ei (t) = T e (i) -T t ; AT ei = T e -T it T t is the inlet temperature which was maintained constant during the test. A step of m w was produced under a steady irradiation i.e., 7 = 0 from a steady mass flowrate m w in order to identify the model G(s). The step change of m w was produced by draining a small fraction of flow through a bypass valve. A small perturbation should be applied since the collector dynamics is nonlinear with respect to the mass flowrate as shown by Eq. (2). This produces a consistency with the linearly perturbed model G(s). Negative step changes around 15-20 percent from m w were used in the present experiments.
2 Signal Processing. The pretreatment of I/O signals is required since the step signal is a power signal not directly Fourier transformable. Additionally, the measured output signal is z{f) which consists of the noise n(t) and the desired collector response f e (t) (Fig. 7) . Filtering of the noise n(t) from the measured signal z(t) is thus necessary. A digital low-pass RC filter with a cutoff frequency of 0.025 Hz was used in the present study. The filtered output signal of z(t), i.e., T e (t), is thus a summation of the responses of the disturbance model v(f) and the plant model y(t). That is, (43) In identifying the disturbance model W(s), we let m w (t) = 0 and thus y(t) = 0. The negative step change of /(/) = -lu(t) then induces a response of v(t) = T e (t) which is a 760/Vol. 116, DECEMBER 1994
T e (t) = y(t) + v(t)
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That is, the frequency response of the disturbance model W(w) can be written in terms of the ratio of the frequency responses for the differentiated signals, 7^(io) and 7^(w) (Fig. 8) . The identification using this input signal can assure accurate results since the differentiated input signal I' T ((a) is persistently exciting as has been shown by Eq. (45). The use of step input signal in the system identification as being feasible is also verified by this (also refer to [9] ). This concept was also applied in the identification of G(s). Combining Eq. (47) with (46), we obtain
The frequency response of the disturbance model W(oo) can be evaluated by Eq. (48) since the differentiated output signal f' e (t) is an energy signal and can be easily computed via FFT. The circles shown in Fig. 9 are the Bode plot of the measured W(o)) at m w = 0.05151 kg/s. The phase plot of W((o) is seen here to not oscillate around -180 deg at a frequency of < 0.01 Hz as shown in Fig. 3 . It, however, 
Since the negative step input of mass flowrate is applied, m w = -Am w u(t), the frequency response of the plant model G(o)) can be obtained by using the similar differentiating filter and the following relation the frequency response results obtained in the present study will be accurate enough at a frequency of < 0.02 Hz.
Frequency-Domain Model Fitting.
Since the dynamic model of flat-plate collector would have no unstable poles, the frequency responses measured above can then be used to fit the linear model, equations (36) and (37), in frequency domain to determine the system parameters i dI ,
The frequency-domain model fitting was used in the present study by using a computer program developed by Seidel [10] . The parameters of W(s) and G(s) estimated at various operating conditions are respectively listed in Table 2 Tables 2  and 3 to vary with steady-state operating conditions. However, the governing Eqs. (1) and (2) indicate that the system response T e will vary linearly with the disturbance input / and nonlinearly with the controllable input m w . Therefore, the linearized system parameters will essentially be a function of steady-state mass flowrate m w . The empirical correlations of the system parameters, in terms of a third-order polynomial of m w , can be derived as: 
where 9 represents the system parameters. Equation (51) was found to be able to be fitted very well. The coefficients a x , a 2 , a 3 , a 4 for the disturbance model W(s) and the plant model G(s) are determined by a least-squares fit and shown in Table 4 .
IV Discussion and Conclusion
The linear dynamic model, Eqs. (36) and (37), associated with the parameter correlations, Equation (51), will form a system dynamic model of flat-plate collectors with parameters varying with steady-state operating conditions. That is, the system dynamics model can trace the plant variation caused by a variation of operating conditions. The simulations using the present model, Eqs. (36) and (37), associated with the empirical correlations, Eq. (51), were shown to agree very well with the test results for the step response tests, as shown in Figs. 11 and 12.
•The time response of the solar collector T e (t), which is subject to a random input signal 1(f), can also be predicted using this linear model. The results shown in Fig. 13 are a time response result of the collector. The agreement between the prediction and the measured data is indeed shown to be very good.
The methodology outlined in the present paper may be called physical model-based approach and is quite useful in deriving a dynamic model of systems having nonlinear 762/Vol. 116, DECEMBER 1994 Transactions of the ASME effects. The dynamic model derivation basically starts with a theoretical derivation of nonlinear governing equations by use of multiple nodes concept and physical principles. Linearization and Laplace transforms are employed to lead to a distributed system model. Model reduction or simplification in accordance with the physical phenomena which will be encountered during field applications is then carried out. A simple and comprehensible linear model will finally be obtained with system parameters such as poles, zeros, time delays etc. which are left to be determined experimentally. The identification of these system parameters can then be carried out by a step response test and a frequency response analysis associated with the model fitting technique in frequency domain. The dynamic tests and the parameters estimations are to be carried out at various operating conditions. An empirical correlation of the system parameters in terms of operating conditions can then be derived from these results. Two nonlinear governing equations of the flat-plate collector were first derived based on the 2-node concept and energy conservation principle and a linearly perturbed dynamics model was then approximated here for leading to a distributed model. A model reduction was further employed to obtain a simple time-invariant linear model with poles, zeros, and time delay left to be determined experimentally. An outdoor test was then carried out to identify the system parameters by a frequency response analysis and model fitting in the frequency domain. To account for the variation of system dynamics behavior with the operating conditions (i.e., a nonlinear effect), the system parameters such as time delays, zeros and poles were identified at various operating conditions and the empirical correlations of these parameters in terms of the steady-state mass flowrate m w were derived. Hence, the nonlinear effect due to the mass flowrate variation is taken into account and the identified system model can describe the system dynamics under various steady-state operating conditions.
